The indole alkaloids comprise a diverse group of medicinally significant and structurally complex natural products.' Compounds such as vinblastine, a dimeric indole alkaloid with useful anticancer activity, and eburnamine have encouraged continued synthetic interest in indole alkaloids. From the pioneering efforts of Woodward? Stork: and Buchi4 to the recent elegant studies of Magnus; Kuehne? and Martin,' many creative and useful strategies have been developed. Nevertheless, the interest in direct pathways to these complex alkaloids remains intense.* We recently reported a route to indole alkaloids based on an intramolecular Diels-Alder reaction using the indole C2-C3 bond as a d i e n~p h i l e .~ We now report a related tack which involves the indole C 2 4 3 bond as part of the diene subunit. This tack should permit a facile entry to the Strychnos alkaloids. In the last few years several researchers have communicated syntheses of tetracyclic intermediates for the synthesis of the Strychnos alkaloids.1o
The retrosynthetic analysis, depicted in Scheme I, features three key carbon-carbon bond forming reactions: the intramolecular Diels-Alder reaction, the alkylation of the enol silyl ether, and the conjugate addition. This latter reaction poses the most challenging stereochemical problems.
Intramolecular Diels-Alder reactions on alkenyl indoles have good precedent. Many examples using 2-alkenylindoles have been recorded, the most notable being the reactions developed by the Kuehne group in the context of their clever syntheses of the Aspidosperma alkaloids. Surprisingly, only a few reactions using 3-alkenylindoles have been reported."
Our synthesis of enol silyl ether 2 is shown in Scheme 11. The N-acylation of 3-acetylindole afforded the amide ester in 79% yield. Interestingly, a slight excess of indole had to be used, since 0-acylation of the resulting amide was a competing reaction with excess acid chloride. This unexpected reactivity of the amide moiety will also limit our choice of reagents in subsequent steps.
Although attempted formation of the enol silyl ether with LDA/TMSCl at -78 "C led to a mixture of products, the enol silyl ether could be generated with TMSOTf and diisopropylethylamine. The unpurified material was sufficiently pure to be taken on to the thermolysis step. After several experiments, the optimal conditions for the Diels-Alder reaction were determined to be 270 "C for 48 h. The resulting tetracyclic enol silyl ether 2 was stable to flash chromatography. The methine protons in 2 are trans, as evidenced by a coupling constant of 10 Hz. Compound 2 could be readily hydrolyzed to ketone 5, which was always accompanied by small amounts of indole-containing impurities.
With 2 in hand, alkylation became the next key bondforming step. The alkylation of enol silyl ethers is a well-documented reaction, affording products under either Lewis acid mediated or fluoride-mediated conditions.12 The reaction of 2 with allyl bromide and dry tetrabutylammonium fluoride afforded only 0-alkylated product. This product could not be isomerized via a Claisen rearrangement to 6 (R, R' = H). Recently, Gramain and Husson achieved the successful C-alkylation of a related enolate generated by KH.13 The reaction of 2 with titanium tetrachloride and l-chloro-3-methyl-2-butene (7) a t temperatures ranging from -78 "C to 0 "C generated ketone 5 with only traces of 6 (R, R' = Me) (Scheme 111). The same result was true of the alkylation reaction with l-chloro-3-phenyl-2-butene (8). Ether 9 could be generated in 88% yield by the reaction of 2 with titanium tetrachloride and chloromethyl methyl ether. Unfortunately, efforts to extend this reaction to more useful halides such as 10 failed.
With this avenue closed, we reconsidered the reaction of 2 with allylic chlorides. Inspection of molecular models indicated that steric hindrance was not responsible for the failure of this reaction. However, the combined inductive effects of the aryl and lactam moieties may be attenuating the reactivity of the enol silyl ether, permitting loss of a proton from the cation derived from 7 or 8 to effectively compete with alkylation. If this consideration was true, then l-chloro-3,3-diphenyl-2-propene (11)14 might afford a good yield of alkylation product. In the event, reaction of 2 with 11 and stannic chloride provided a 93% isolated yield of product 6 (R, R' = Ph). Alcohol 12, the precursor to 11, afforded a 80% yield of 6 (R, R' = Ph).
We briefly examined the reaction of 11 with representative enol silyl ethers using exactly the same reaction cc ditions. The results are depict d in Scheme IV. On limitation is competing alkylation of the aromatic rings of the diphenylpropenyl unit. This is not a severe limitation, because the alkene is usually cleaved in a subsequent step to generate an aldehyde or acid. Chloride 11 may become the reagent of choice with relatively unreactive enol silyl ethers.
The appendage of the D ring might be accomplished through the intermediacy of either aldehyde 13 or ester 14. Keto aldehyde 13 was prepared by the low-temperature ozonolysis of 6 (R, R' = Ph) (Scheme V). Reductive amination of 13 with benzylamine and sodium cyanoborohydride was examined with the intent of obtaining Support for the presence of the hydroxylactam subunit came from infrared absorptions at 3360 and 1700 cm-', the presence of a carbon resonance a t 93 ppm (N-C-0) and the absence of a resonance in the ketone region of the 13C NMR. Support for the cis-BC ring juncture came from NOE difference spectroscopy, wherein irradiation of the endo methylene proton adjacent to the carbonyl of fivemembered ring lactam produced a 12.9% enhancement of the methine proton at the BC ring juncture. The 10.3-Hz coupling constant for the methine proton at 3.40 strongly supports a trans-CE ring juncture.
The introduction of the alkene in ring C was examined at several stages. We initially sought to generate the alkene during the Diels-Alder reaction, as shown in Scheme VI. While initially promising, problems associated with the preparation of sulfoxide 17 of sufficient purity for the Diels-Alder reaction caused us to delay introduction of the alkene until a later stage. Ketone 6 was also a logical point for enone formation. Reaction of 6 with LDA/TMSCl produced a mixture of enol silyl ethers from both the ketone and the amide. This was also true with TMSOTf and diisopropylamine. Fortunately, the reaction of 6 with TMSI and hexamethyldisilazane produced the desired enol silyl ether 18.17
At this point 18 was treated with several electrophilic reagents (PhSeC1, PhSeBr, Br2, NBS and PhSC1). The enol silyl ether was consumed, but the recovery of purified products after chromatography was poor. A likely explanation is that the 1,l-diphenylpropenyl moiety is also reacting, either directly with the electrophile or with the byproducts of the electroplilic attack on the enol silyl ether (e.g. TMSCl or TMSBr). Unexpectedly, the use of palladium reagents such as P~( O A C )~'~ or Pd(O)/diallyl- The synthesis of pentacyclic intermediate 16 in only six steps from 3-acetylindole in good overall yield nicely establishes our route to complex indole alkaloids. The intramolecular Diels-Alder/enol silyl ether alkylation strategy has not previously been employed for the synthesis of indole alkaloids. It offers attractive advantages over alternative routes to this subunit. Efforts to complete the heptacyclic system are in progress.
Experimental Section Unless otherwise noted, materials were obtained from commercial suppliers and were used without purification. H:EA refers to hexanes:ethyl acetate solvent mixtures for TLC and chromatography.
2-(N-( l-oxo-4-pentenyl)-3-indolyl)ethanone. To a stirred suspension of 3-acetylindole (3.18 g, 20 mmol) and triethylamine (4.03 g, 40 mmol) in CH2C12 (100 mL) at 0 O C was added a solution of Cpentenoyl chloride (2.24 g, 19 "01) in 25 mL of CHzClz over 1 h. The solution was stirred at 0 "C for 8 h and then washed twice with ice-cold 2 N HCl, once with 2 N Na2CO3, and once with brine. The organic layer was then dried, concentrated in vacuo, and purified by silica gel flash chromatography (30% ethyl acetate in hexanes) to afford a 79% yield of product. NMR (CDClJ: 6 2.58 (s, 3 The toluene was removed in vacuo. The residue was purified by silica gel flash chromatography (35% ethyl acetate in hexanes) to afford 1.3 g of pure 2. Compound 2 was a white solid with mp 98-100 "C. NMR (CDC13): 6 0.28 (s, 9 H), 1.50-2.1 (m, 4 H (6) . To a solution of 2 (1.01 g, 3.23 mmol) and alcohol 12 (1.43 g, 6.8 mmol) in CHIClz (30 mL) at -78 "C was added TiC1, (1.82 g, 9.6 mmol) over 3 min. The solution was stirred at -78 "C for 6 h. It was quenched at -78 "C with HzO (30 mL). Methylene chloride was added, and the organic layer was washed twice with brine, dried, and concentrated in vacuo. The crude product was purified by silica gel flash chromatography (40% ethyl acetate in hexanes) to afford an 80% yield of 6. Compound 6 was a solid with mp 174-175 "C.
